Introduction
[2] Taiwan has been described as an ideal natural laboratory for tectonics studies where its limited size, consistent subtropical climate, well defined stratigraphy and densely instrumented thrust belt provide high-precision observations of critical wedge mechanics and kinematics [Suppe, 1980; Liu et al., 2001; Carena et al., 2002; Fuller et al., 2006] . Rapid and voluminous material flux results from ∼82 mm/yr of oblique plate convergence [Yu et al., 1997; Chang et al., 2003] and high annual precipitation occurs as a result of multiple typhoon landfalls on an annual basis [Galewsky et al., 2006] . In addition to typhoons, strong ground motions produced by large earthquakes trigger many large landslides that facilitate massive and rapid sediment transport by river networks incising the island [Galewsky et al., 2006; Lin et al., 2006; Yanites et al., 2010] . Rapid removal of material in central western Taiwan also results from the easily eroded nature of strata deformed in the thrust belt. These range from poorly indurated Quaternary sediments in the foreland and western foothills to Tertiary clastic sediments and their weakly metamorphosed equivalents in the Hsuehshan range . In short, Taiwan is one of the most rapidly deforming and eroding places on Earth (Figure 1 ). Strain in thrust belts is coupled with the rate and magnitude of erosion occurring at their subaerial surface. In turn, erosion is strongly dependent on spatial and temporal variation in local and regional climate and rock strength [Dadson et al., 2003; Dahlen and Suppe, 1988; England and Molnar, 1990; Hilley and Strecker, 2004; Koons et al., 2003; Roe et al., 2006; Willett, 1999] .
[3] Orogen-scale analyses of Taiwan have succeeded in describing the processes and interactions that affect overall development of the thrust belt, but few studies have directly assessed how variations in erosion or rheology may affect the organization of strain at intermediate scales within the orogenic wedge [Upton et al., 2009a] . We use this opportunity to investigate variation in the overall topographic form of a critical wedge and explore the boundary conditions that affect strain and erosion at intermediate scales on the order of 10 1 kilometers and 10 4 -10 5 years. These reflect the scale of observed changes in topography and the ages of young sediments deposited in wedge-top basins within the orogen. While numerous recent studies have defined the effects of variable erosion across thrust belts [Berger et al., 2008; Meigs et al., 2008; Thiede et al., 2004; Wobus et al., 2003] , less is known about how thrust belts respond along their length to focused erosion [Upton et al., 2009a] . We purposely confined our study to the central western region of the Island where the thrust belt absorbs purely NW-SE directed convergence within an established arc/continent collision.
Puli Topographic Embayment
[4] A striking variation in the otherwise consistently tapered shape of the western Taiwanese thrust belt is a region of relatively lower elevation we refer to as the Puli Topographic Embayment (PTE) (Figures 2 and 3) . The PTE encompasses a chain of small wedge-top basins infilled with young fluviolacustrine sediments, including Puli, Yuchi, Sun-Moon Lake and Toushe (Figure 4 ). Previously recognized as an anomalous portion of the thrust belt [Deffontaines et al., 1994; Lu and Malavieille, 1994; Mueller et al., 2001; Lin and Watts, 2002; Powell, 2003; Yanites et al., 2010] , the PTE covers about a quarter of the western thrust belt. It is characterized by lower average elevation and relief relative to adjacent regions to the north and south Powell et al., 2002; Wilcox et al., 2007] . Importantly, active compressive deformation within the topographically lower region ∼50 km inboard from the leading edge of the thrust belt suggests shortening currently occurs across the entire extent of the PTE, further inboard from the active thrust front than in other adjacent regions of the thrust belt [Mueller et al., 2006; Powell, 2003] .
[5] Given the presence of deformed late Pleistocene fluviolacustrine sediments above active thrust sheets in the PTE, and their spatial correlation with a very thick sequence of readily eroded synorogenic sediments in the foreland, we hypothesize the embayment originated as a structurally dammed piggyback basin above eroded thrust sheets. This model differs from previous studies of the PTE that argue it formed as a pull-apart basin [Lu and Malavieille, 1994; Lu et al., 2002] or as the result of indentation by the Peikang basement high [Mouthereau et al., 1999; Simoes and Avouac, 2006] (Figure 1 ). The argument that the Puli and other adjacent basins formed as a result of normal faulting is based on the distribution and orientations of strike slip shear . Swath topography of transects S1 and S2, vertically exaggerated for clarity. Minimum, maximum, and mean elevations are for 10 × 100 km areas shown in inset. Linear best fit slopes of mean topography are shown by a1, a2, and a3. Cross hatching is region of anomalously low surface slope, and diagonal ruling is region of anomalously high surface slope. PTE, Puli Topographic Embayment.
zones within the Hsuehshan range identified by Lu and Malavieille [1994] and Mouthereau et al. [1999] . Additionally, the formation of pull-apart basins is kinematically consistent with their arguments for shear deformation. Geologic maps of Puli and the surrounding region published by Taiwan's Central Geological Survey do not show normal faults bounding any of the piggyback basins there. Numerous folds consistent with the overall contraction of the orogen are present throughout the PTE and Hsuehshan range and recent shallow seismic reflection studies within Puli show the floor of the basin is similarly folded. Alternatively, the hypothesis that the PTE results from indentation of the wedge by a structural high in the foreland basin is based on the modern position of the Peikang high and inference of its relative position to the PTE in the past [Simoes and Avouac, 2006] , as well as the strength of the foreland and mapping of the spatial extent of the Peikang high Mouthereau and Petit, 2003] . This hypothesis depends on assumptions of the shape and extent of the foreland that has already been accreted into the belt (which cannot be easily reconstructed) as well as interpretations of the shape of the Peikang high, which vary throughout the literature and do not appear to be clearly defined by any specific single physical characteristic such as depth to cover/basement contact.
[6] A detailed discussion of the depositional and erosional history within the PTE is beyond the scope of this paper, however the embayment is characterized by the following.
[7] 1. The PTE is a region of low elevation and low relief, compared to regions adjacent to the north and south, lying well within the established thrust belt.
[8] 2. Thrust sheets at the leading edge of the proto-PTE would have been covered by a thicker section of synorogenic strata, up to twice the thickness present to the north and south. These strata are still present in frontal thrust sheets.
[9] 3. Active shortening at shallow levels within the wedge (0-5 km) at the latitude of the PTE occurs further inboard from the leading edge of the belt than along the Alishan range to the south [Mouthereau and Petit, 2003] .
[10] 4. River networks transporting sediment out of the PTE cross multiple fault-related folds, suggesting deposition of latest Pleistocene sediments within the PTE may be related to an increase in slip rate on one or more of those faults (out of sequence).
Critical Wedges
[11] Critical coulomb wedge theory is successful in describing the overall shape of submarine accretionary prisms and subaerial eroding thrust wedges like Taiwan [Davis et al., 1983] . The shape of any critical coulomb wedge is controlled by the physical conditions that exist during the formation of the orogen, including the strength of the material in the wedge and pore fluid pressures throughout the wedge and at its basal decollement [Davis et al., 1983] . Surface erosion has a very strong control over the internal organization of strain in critical wedges, by focusing strain into areas that exhibit a "subcritical" taper, e.g., where the balanced internal mechanics of the wedge have been upset due to a lowering of the land surface through erosion [Konstantinovskaia and Malavieille, 2005; Berger et al., 2008; Meigs et al., 2008; Mosar, 1999] .
[12] We argue such a marked variation in the topographic form of the orogen, and therefore its subaerial taper, indicates a change in one or more of the boundary conditions that control rock uplift and erosion in the region. In this study, we address the following questions.
[13] 1. What conditions initiate the formation of and allow for the persistence of a subcritical state in an otherwise critically tapered wedge? [14] 2. At what spatial and temporal scales can the response of the strain field to a change in boundary condi- tions affecting the thrust belt be recognized in the landscape?
[15] 3. How does the erodibility of newly accreted thrust sheets control wedge taper and what role does foreland basin architecture play in that process?
Topography and Taper of Western Taiwan
[16] In order to characterize the differences in topography between the PTE and the consistently tapered Alishan range immediately south of the PTE, we compare 10 km × 100 km swaths of topographic data for each of these two regions. Swaths are oriented parallel to shortening direction and extend from the eastern Longitudinal Valley, which marks the boundary between the wedge and its structural backstop, to the western foreland. Calculations of wedge taper (summing of the basal and subaerial slope measurements) along the central western foothills are based on a 10 km wide swath of measurements from 13 balanced serial cross sections, 20-30 km inboard of the thin-skinned deformation front. Within the PTE, taper measurements were extended to 40 km inboard of the thin-skinned deformation front.
[17] Topography throughout the PTE, compared to the Alishan range immediately to the south, is characterized by consistently lower elevation and relief (Figure 2 ). Extrapolation from a linear best fit of the average elevation values of the swath data, shows that the Alishan has a constant ∼3°s urface slope, consistent with published characteristic subaerial taper angles for Taiwan from Davis et al. [1983] . In comparison, the ∼1.5°average slope that exists from the foreland to the interior of the Hsuehshan range across the PTE is significantly lower, leading us to wonder whether it represents a region currently at a subcritical state. Within the PTE itself, over a distance of ∼15 km, the topographic slope is inclined ∼1-2 degrees to the east, which in the convention of Taiwan's wedge would be considered a negative taper ( Figure 2 ). As a natural result of this lower surface slope within the PTE, the slope from the eastern margin of the PTE to the drainage divide at the crest of the orogen is anomalously steep, ∼9.5°.
[18] Wedge taper calculated along the western foothills of Taiwan varies depending on whether one uses the deeper Main Taiwan Detachment (MTD) or the more shallow thinskinned base of thrusting along the western foothills as the basal surface of the critical wedge. Given the existing constraints on the deeper MTD and apparently consistent dip and depth along strike of the distribution of seismicity [Carena et al., 2010] , we use the better constrained shallower base of thin-skinned thrusting measured from balanced cross sections throughout the foreland and western foothills. Calculated tapers for the Miaoli and Chiayi regions are similar, with average values of ∼10-11 degrees for Miaoli and ∼13 degrees for Chiayi. In contrast, the PTE exhibits average values of ∼5 degrees, less than half the taper of adjacent regions ( Figure 3c ). The changes in taper along the western thrust belt, from the Hsuehshan range, across the PTE and into the Alishan range are spatially consistent with other structural, stratigraphic and physiographic boundaries identified in this study. The difference in taper at this distance inboard from the thrust front (20-30 km) is primarily related to the relatively flat dip of the decollement below the PTE, as first presented by Yue et al. [2005] . The dip of the decollement below Miaoli and Chiayi are approximately −7 and −10 degrees, respectively, compared to approximately −1 below the PTE. Within the PTE, where the greater extent of cross sections allow us to calculate taper further inboard than to the north or south, we see a surprising result where due to the easterly average aspect of surface slope and the continued low dip of the basal surface of the shallow wedge, the taper we calculate is actually negative (∼−2 to −3 degrees), from 30 to 40 km inboard of the thrust front. This is an unexpected and unusual observation within a critically tapered wedge, allowing us to classify this region as subcritical, especially considering that the shallow wedge deforms above recorded overpressured horizons, in purely hydrostatically pressured rocks [Yue, 2007] .
[19] Variation of the depth and geometry of the Main Taiwan Detachment was also considered as an explanation for the change in taper, but the relatively few available constraints on this deeper decollement level suggest that it exhibits a fairly consistent depth and dip along strike below the western foothills, varying on the order of 1 km or less over distances of ∼50 km or more [Mouthereau and Petit, 2003; Carena et al., 2010] . The use of relocated seismicity to accurately define the Main Taiwan Detachment has been questioned by several authors [Simoes et al., 2007; Mouthereau et al., 2009 ] and so we calculated our determinations of wedge taper from balanced cross sections of the overriding thin-skinned wedge.
Foreland and Western Thrust Belt
Architecture: Stratigraphy and Structure [20] We consider the structural architecture and thicknesses of synorogenic sediments throughout the central western foreland and western foothills based on borehole measurements, seismic reflection data, published geologic maps and 23 balanced cross sections located throughout the foreland and western foothills, made available to us by the Chinese Petroleum Corporation (CPC). Seven of these cross sections have previously been published by Yang et al. [2007] . This paper reproduces only three representative cross sections for the north, central and south regions of our study area, in accordance with permission given by the CPC. Additionally, we support our work with findings from previously published works.
[21] The Chinese Continental Margin (CCM) supports the western foreland of Taiwan, and has been well described in terms of its depositional history and flexural response to orogenic loading [Lin and Watts, 2002; Mouthereau and Petit, 2003] . Synorogenic strata deposited in the western foreland over the last six million years record the initial migration of the foreland flexural bulge (evidenced by the flexural unconformity at the base of the Kueichulin Formation: ∼6 ma) and subsequent approach and rapid erosion of the orogen (Chinshui Formation: ∼4 ma; Cholan Formation: 3.1-1.1 ma; Toukoshan Formation: 1.1-0 ma) as the thrust belt advances into the foreland basin Lin et al., 2003] .
[22] The central western thrust belt of Taiwan deforms a sequence of Tertiary to Quaternary strata, divided for our purposes into preorogenic and synorogenic groups, separated by the flexural unconformity at the base of the Kueichulin Formation. Miocene and older preorogenic stratigraphic units have undergone an earlier history of extension along the CCM [Mouthereau and Lacombe, 2006; Mouthereau et al., 2002; Lin et al., 2003] . The architecture of the passive margin includes a pair of salient basement highs, buried by variable thicknesses of preorogenic and synorogenic sediments [Byrne and Liu, 2002; Mouthereau et al., 2002] . Miocene extension of the passive margin is marked by northeast-southwest trending normal fault arrays that bound these two structural highs, now located offshore in the foreland basin west of the Taiwan thrust belt Lacombe et al., 2003] . The Kuanyin and Peikang basement highs are located northwest of the Taichung basin and west of Chiayi, respectively, buttressing the precollisional Taihsi basin (Figure 4) .
Miocene-Pliocene Synorogenic Stratigraphy
[23] While the eastern portion of the early Taihsi extensional basin has been removed by erosion after its accretion into the advancing thrust belt, the western part of the basin is well defined in the modern foreland of western Taiwan. Previous work mapping isopachs and structural styles throughout the foreland delineate three distinct regions of within our study area that lie adjacent to, and correspond with, distinct topographic regions in the thrust belt, including the northern Hsuehshan, PTE and northern Alishan regions . Measured along-strike differences in the thickness of the Kueichulin formation are relatively small and on the order of hundreds of meters, and we interpret thickness changes within these sediments as growth strata related to slip on foreland normal faults (Figure 3) . Kueichulin growth strata bounded by extensional faults in the foreland are overlain by a thin sequence of early Pliocene shale of the Chinshui Formation, which does not vary in thickness appreciably from north to south along the CCM. These strata indicate that extension of the continental shelf had ceased by the early Pliocene, marking the transition in the foreland from an extensional to a compressive setting. The physical characteristics of the Chinshui Shale are consistent with it being deposited in the distal foreland of the approaching orogenic wedge. This shale is a primary decollement level for thin-skinned deformation in central Taiwan.
Late Pliocene-Quaternary Synorogenic Sediments
[24] Spanning from late Pliocene to Quaternary time, flexural loading in the foreland of the encroaching thrust belt is recorded by the upward coarsening sequence of the Cholan and Toukoshan formations. The 3.1-1.1 Ma Cholan formation is largely uniform in thickness from north to south along the strike of the Taiwanese foreland, except where it thickens over the shelf break south of the Peikang High (from ∼2000 m to almost 3500 m over a distance of 100 km (Figure 3) . The geometry of the Cholan age foreland basin is well constrained from boreholes and seismic reflection profiles and is interpreted as the distal to intermediate portion of the foreland basin during the earlier stages of the development of the Taiwanese thrust belt [Yu and Chou, 2001; Lin and Watts, 2002] .
[25] The Toukoshan formation is the youngest major synorogenic deposit in central western Taiwan, apart from Quaternary terraces and fluviolacustrine sediments preserved in wedge-top basins. The Toukoshan formation includes two coarsening upward members (the Hsiangshan sandstone and Huoyenshan conglomerate) that are interpreted as signaling the approach of the leading edge of the thrust belt during the last ∼1.1 Ma . Unlike older stratigraphic units, the thickness of Toukoshan in seismic reflection profiles and boreholes varies by up to a factor of 3 from north to south along the foreland in central Taiwan . Previous work [Mouthereau et al., 1999] and cross sections made available to us by the CPC indicate that the thickness of the Toukoshan formation increases abruptly within the 60 km wide Taichung basin located immediately west of the PTE (Figures 3 and 4) . The thickness of Toukoshan formation measured on a NNE-SSW trending strike-parallel profile increases from a minimum of ∼1000 m near the Kuanyin basement high to over 3500 m within 50 km in the central Taiwanese foreland. These strata thin again across the Peikang basement high before increasing in thickness over the shelf edge of the CCM to the south. Notably, these marked variations in thickness occur at the same locations as underlying arrays of older Miocene normal faults bounding basement highs (Figures 3 and 4) . The abrupt change in thickness in the synorogenic Toukoshan formation here suggests that older inherited structures may affect accommodation space in the foreland, driven by compressively reactivated deformation and loading of the thrust belt.
Extensional Structures in the Foreland
[26] Previous works Lin et al., 2003; Mouthereau and Lacombe, 2006] identify inversion of Miocene extensional faults as younger oblique thrust and strike slip faults in both the modern foreland basin and within the thrust belt itself. While not obvious in all available seismic reflection profiles at scales of individual reflectors, measurement of thickness changes in both extensional and compressional growth strata at longer intervals support a recent history (1.1 Ma to present) of minor shortening tens of kilometers into the foreland, west of the leading edge of the thin-skinned thrust belt.
[27] Evidence for normal sense displacement on these faults is recorded by variable thicknesses within the Kueichulin and older preorogenic formations that have subsequently been incorporated and deformed in thrusts and folds within the western part of the Hsuehshan range. The origin of these faults as extensional structures is well defined by stratigraphic cutoff angles and thickness changes in adjacent fault bounded blocks between the Shuangtung and Shuilikeng thrusts. In this part of the thrust belt, block bounding normal faults that cut across thrust sheets trend similarly to faults imaged in offshore seismic reflection profiles (Figure 4) . We interpret these as the continuation of fault arrays evident in the foreland, due to their modern position and kinematic compatibility with the direction of thrust shortening. Some of the fault-bounded blocks retain a continuous Miocene stratigraphic record, while others contain disconformities, interpreted as a record of early migration of the flexural forebulge as the thrust belt approached from the east [Yu and Chou, 2001] . These faults are typically oriented at a high angle to the strike of thrust sheets and act as tear faults during shortening [Lin, 2005] . Strike slip focal mechanisms determined for two historic large earthquakes, attributed to slip on the Meishan fault in 1906 and the Tuntzuchiao fault in 1935, are oriented parallel to other Miocene age normal faults mapped by the CPC [Lin, 2005; Shyu et al., 2005] . This suggests that those faults in particular may act as the main structural boundaries between the Miaoli, Taichung and Chiayi regions.
[28] Previous work has suggested that differences in structural style along the foreland and western foothills of Taiwan can be attributed to variations in the strength of basement rocks that support the foreland basin [Mouthereau and Petit, 2003] . Miocene age normal faults in the Miaoli and Chiayi regions also affect subsequent thin-skinned compressive strain north and south of the PTE [Suppe, 1986; Mouthereau et al., 2002] . In particular, the northern end of the Chelungpu fault and Sanyi overthrust presents a well studied example of the interactions between advancing thinskinned deformation that overlies preexisting structures in the foreland basement [Yue et al., 2005; Yue, 2007] .
[29] In contrast to normal faults adjacent to the Miaoli and Chiayi regions, normal faults in the Taichung region are scarce and generally not favorably oriented for reactivation as oblique or strike-slip faults. The relatively few faults that are present instead act to localize structural ramps where decollement horizons are offset by these faults [Mouthereau et al., 1999; Lee and Chan, 2007] .
Thrust Belt Development and Foreland Properties
[30] Discrete arrays of Miocene age normal faults partition the foreland of central Taiwan into three regions that have experienced radically different subsidence histories since 1.1 Ma, as evidenced by the thickness of Quaternary sediments in each region (Figures 3, 4 , and 5). From north to south these regions are (1) the Kuanyin High, which includes an area of closely spaced ENE trending normal faults overlain by a relatively thinner sequence of synorogenic sediments located outboard of Miaoli; (2) a largely undeformed region adjacent to the Puli Topographic Embayment (including the Taichung basin), filled with a much thicker sequence of synorogenic strata; and (3) the Peikang High, a mildly extended region located outboard of Chiayi. Quaternary sediments in the Taiwanese foreland basin are deposited within the accommodation space resulting from flexural subsidence driven by orogenic loading [Lin and Watts, 2002] . Foreland basin strength is affected by existing structures, in particular older extensional fault networks reactivated by shortening and/or loading tens of kilometers in front of the leading edge of the thrust belt [Mouthereau and Petit, 2003] . We propose the NE-SW trending Meishan and Tuntzuchiao faults in the western foothills, which coincide with the north and south topographic boundaries of the PTE, may act as persistent structural boundaries separating discrete foreland regions that experience very different histories of proximal foreland subsidence during late Pleistocene time. The Meishan and Tuntzuchiao faults have been identified as likely sources of two large historic strike-slip earthquakes (>Mw 6) in 1906 and 1935, respectively [Lin, 2005; Shyu et al., 2005] , and may have had an effect on overall wedge development over timescales of ∼10 6 years, based on the age of onset of differential subsidence across these faults. This structurally coincident difference in subsidence rates implies that the distribution of accommodation space may be variably affected through time by progressive compressional (reverse sense) reactivation of normal fault arrays with increasing proximity to the deformation front of the orogen, ultimately driving greater subsidence in the stronger central portion of the foreland (Figure 5) .
[31] The thicker sequence of Toukoshan Formation in Taiwan's central foreland, and within the Taichung basin, lies immediately west of the PTE. The margins of the area of increased fill, where Toukoshan thickens from ∼1500 m to over 3300 m in as little as 20 km, are coincident with the northern and southern boundaries of the PTE, as defined by the 2000 m elevation contour of the orogen (Figure 3 ) [Wilcox et al., 2007] . This close spatial correlation of structural boundaries with changes in topography, taper and late Pleistocene stratigraphic thickness suggests that the rheology and/or erodibility of synorogenic strata accreted into the adjacent thrust belt may exert a primary control affecting wedge development [Upton et al., 2009b] .
[32] While the effects of uneven erosion on wedge development in Taiwan has been explored by Upton et al. [2009b] , our work is aimed at understanding how and why a subcritical state (as defined above) was initiated and is currently preserved in the PTE. We argue that the thick section of synorogenic sediments outboard of the PTE that capped thrust sheets accreted into the belt were more deeply incised to the level of older preorogenic strata below. This thicker central sequence sets an initial rheological template that controls thin-skinned wedge development over timescales of at least 10 4 -10 5 years. A corollary follows that the sequence of thicker young synorogenic strata is weaker and more susceptible to erosion than older rocks, which is explored in section 5 on numerical modeling.
Modeling Critical Wedges With Variable Material Properties
[33] The recognition of along-strike variations in the material properties of the foreland and associated impacts on long-term development of wedge topography, taper and strain organization highlight the need to better understand how critical wedges respond along their length to differences in material properties (rheology) and rates of surficial processes (erosion). This section explores mechanical conditions that collectively contribute to a subcritical region within a thin-skinned orogenic wedge, which we compare to the PTE in Taiwan. Although foreland basement strength is affected by the presence of Miocene normal fault arrays [Mouthereau and Petit, 2003] our exploration of wedge behavior focuses solely on the internal kinematics of a thinskinned thrust belt, rather than any processes occurring below the thin-skinned decollement.
Modeling Methods
[34] For this study, we build on previously published models of a generic fold and thrust belt of similar dimensions to Taiwan [Upton et al., 2009b] . Our geometry consists of an elastic slab, representing the basement of the western foreland, beneath an elastoplastic Mohr-Coulomb wedge, representing passive margin sediments deformed in western Taiwan (Figure 6a ). These are separated by an interface along which frictional slip can occur but across which no material exchange occurs. The three-dimensional numerical region extends 220 km parallel to convergence (= x) by 250 km perpendicular to convergence (= y) by 18 km vertically (= z). The eastern edge of the model consists of an elastic block simulating a rigid indentor, such as a colliding volcanic arc, that does not deform internally to a significant extent.
[35] Models were developed using the numerical code FLAC 3D version 3.1 (Itasca, 2006), which we have modified to accommodate local erosion. FLAC3D utilizes a modified Lagrangian finite difference technique and its use for solving geological problems is well established. The methods used have been described previously [see Upton et al., 2003; Johnson et al., 2004; Upton et al., 2009a Upton et al., , 2009b .
Model Runs
[36] We present four models: model 0, a reference model, with no variation along strike, identical to model 0 of Upton et al. [2009b] (Figure 6b) ; model 1, a model with a region of lower density, weaker material in the outboard wedge, similar to model 2 of Upton et al. [2009b] ; model 2, a model with a region of enhanced erosion within the front of the wedge (3 mm/yr compared to a background of 1 mm/yr); and model 3, a model which combines the conditions of 1 and 2 above.
[37] All models use the same velocity boundary condition: the elastic indentor acting as the backstop of the wedge moves over the decollement interface at 20 mm/yr (Figure 6a ). Throughout the discussion of the models, the spatial frame of reference is analogous to that of the western Taiwanese thrust belt; the wedge verges west and "inboard" refers to positions toward the backstop to the east, while "outboard" refers to positions toward the foreland to the west. The models were run to approximately 9% strain, which is the limit of the model grid before numerical instabilities begin [Upton et al., 2009b] . Erosion is imposed on the top surface of the model as a boundary condition, whereby material is removed from the model by lowering of the top surface. An erosion rate of 1 mm/yr is imposed on the western part of the model orogen while 1.3 mm/yr is imposed on the eastern part, simulating a mild orographic effect from the central uplift zone in the model. The juxtaposition of focused rapid erosion against a low background erosion rate is meant to represent the condition of a thicker section of easily erodible cover material next to harder older rocks, which have already been exposed. Given the low shortening rates (relative to Taiwan), limited strain and imposed boundary conditions of erosion, the values we determine from our models are best considered qualitatively in terms of effects on kinematic behavior observed within the model wedge. We note that increasing shortening rate to a value similar to what is observed in Taiwan would merely decrease the model run times, since the models are limited by the total strain they can accommodate.
Model Results

Model 1
[38] As shown previously, material variations within the wedge affect the form of the wedge [Upton et al., 2009b] . Rock uplift and strain are focused into weaker material, which creates a narrow ridge at the inboard edge of the weaker material, and subsequently decreasing the magnitudes of rock uplift and strain within the adjacent region of stronger material to the east (Figure 6c) . When compared to the reference model, there is a decrease in elevation inboard of the region of weaker material, creating a topographic embayment that is deeper than the embayment resulting from erosion alone (model 2). The along-strike extent of the resulting embayment is roughly equivalent to the width of the region of weaker material ahead of it.
Model 2
[39] Variation of the erosion rate within the front of the wedge has a broad effect on wedge kinematics, well outside the extent of focused erosion. In fact, the impact of a focused increase in erosion rate on wedge kinematics can extend across the entire width of the wedge (Figure 6d ). We note measurable differences from the reference model in elevation and magnitude of both rock uplift and strain that extend from the foreland across the wedge to the backstop. This is a result of removing mass from the orogen that would otherwise (e.g., in the reference model) contribute to the internal stability of the critical wedge. By removing this mass the internal balance of the critical wedge is disturbed and rock uplift is focused into the region of higher erosion rate. As a result, rock uplift and strain are reduced both inboard and outboard of the rapidly eroding region, in effect balancing the overall strain budget of the wedge. As with the previous model, a decrease in rock uplift and strain inboard of the region of higher erosion creates a topographic embayment roughly equivalent in scale to the along-strike extent of the increase in erosion rate.
Model 3
[40] This model combines variation in material properties and focused erosion from models 1 and 2. This combination most closely represents the conditions of western Taiwan, where thick synorogenic sediments are rapidly incised above frontal thrust ramps. Because the effects on topography, rock uplift and strain are largely similar for both the individual preceding models, we see the combination of those effects is mostly constructive in this model (Figure 6e ). The relief of the resulting topographic embayment is greater than in model 1 or 2, and is predicted to be at least 1000 m. The along-strike scale of the embayment is again roughly equal to the size of the regions of weak material and high erosion rate. Clear differences relative to the reference model in topography, rock uplift and strain are observed across the entire width of the wedge, similar to model 2.
Discussion
[41] Subcritical portions of rapidly eroding thrust wedges have been identified in a number of compressive orogens around the world. Most notably these include glaciated regions undergoing rapid and spatially limited erosion, such as within the St Elias orogen in Alaska [Berger et al., 2008; Meigs et al., 2008] . Additionally, sharp orographic precipitation gradients driven by the Indian Ocean monsoon have been cited as driving accelerated erosion inboard of the leading edge of the Himalayas [Thiede et al., 2004; Wobus et al., 2003] . In contrast, extraordinarily high rates of fluvial erosion have been associated with the development of a crustal aneurysm in the Eastern Syntaxis of the Himalaya [Zeitler et al., 2001 ] on a scale comparable to the dimensions of the PTE. High rates of exhumation occur some 100 km from the active thrust front in the Himalaya [Thiede et al., 2004; Wobus et al., 2003] , and at about 50-70 km in the St Elias Orogen [Berger et al., 2008; Meigs et al., 2008] . We note that the location of these increases in rock uplift rate and erosion rate are set by the atmospheric conditions of the orogens in which they occur; that is, they are controlled by climate, as opposed to stratigraphic architecture which acts as the primary control on variations in erosion rate in western Taiwan. The results of our models suggest that focused erosion may exert a stronger and broader influence on the organization of strain across the entire width of an active orogenic wedge than a change in material properties at the leading edge of the orogen. Even without considering changes in decollement geometry or variations in the strength of the foreland basement, we see that the combination of rapid erosion and a thick section of relatively weak material near the front of the wedge predicts a significant topographic embayment inboard of the change in boundary conditions, on the order of the scale of the PTE.
[42] The subcritical portion of the Taiwanese thrust belt formed at spatial scales of tens of kilometers, and this scale is likely controlled by the spacing of individual thrusts within the orogen [Upton et al., 2009b] and by the spacing of preexisting normal fault arrays in the foreland. This scaling is analogous to the observations of relative scale in our models, where the spatial scale of variations in foreland conditions controls the along-strike extent of variations in topography and strain within the wedge.
[43] Precipitation in Taiwan is characterized by very large rainfall events associated with large typhoons, which are capable of delivering more than a meter of rainfall over a period of 24 h [Galewsky et al., 2006] . While precipitation increases with elevation in western Taiwan, rainfall along the Foothills Belt and Hsuehshan range is essentially similar along the length of the thrust belt and is in fact contemporarily lower in the PTE itself [Galewsky et al., 2006] . Contemporary erosion rates within the PTE are actually quite low, whereas the incision of stream channel networks (and related removal of mass) is focused outboard of the PTE within the active foothills of the orogen [Dadson et al., 2003] . These sediments are transported to the foreland where variably thick (∼2-5 km) sections of synorogenic strata have yet to be accreted at the front of the orogen.
[44] We posit that rapid incision into exposed sections of Toukoshan and Cholan formations in active thrust sheets is likely related to their unconsolidated nature and negligible diagenetic history during burial within the foreland basin . The primary control on incision of river networks and focusing of erosion into the proto-PTE is likely related to the variable thickness of synorogenic strata that cap active thrust sheets in the foreland. Removing the relatively thinner sequences of Pleistocene sediments that capped thrust sheets north and south of the proto-PTE results in relatively earlier exposure of the harder and less erodible Miocene and Oligocene rocks in the northern Hsuehshan and northern Alishan ranges. River networks would thus naturally focus and more deeply incise the thicker section of synorogenic sediment capping thrust sheets within the proto-PTE ( Figure 7 ). As observed in our models, the formation of a topographic embayment is predicted inboard of a region undergoing focused rapid erosion, due to the disturbance of the internal mass balance of the critical wedge and subsequent reorganization of strain.
[45] The coincidence of mapped locations of abrupt changes in thickness of late Pleistocene synorogenic fill, lower average topography within the PTE and the locations of at least three recent large earthquakes (>Mw 6) that occurred along topographic and structural boundaries of the embayment can be attributed to the variable structural architecture and contemporary kinematics of the central Taiwan foreland. This suggests that the history of subsidence in the foreland controls both denudation and reorganization of strain in the thrust belt, such that a subcritical state is initiated and maintained at timescales of up to 10 6 years. We propose that variable subsidence of the foreland basin, controlled by the orientations and spatial distributions of reactivated older structures, has a profound influence on the distribution of strain within the eroding portion of the thrust belt. Potentially this influence could be observed across the entire width of the orogenic wedge.
Summary
[46] The contemporary presence of a region of anomalously low topography within the Taiwanese thrust belt provides insight into the processes that initiate and maintain a subcritical condition in a thin-skinned compressive wedge. The causal links between the foreland structural architecture, synorogenic stratigraphic architecture and presence of the Puli Topographic Embayment provides a valuable case study of the effects of changing boundary conditions controlling the evolution of critical thin-skinned orogens. Moreover, the preexisting structural architecture within the foreland appears to strongly influence subsidence behavior, resulting in abrupt and localized differences in the thickness of foreland basin fill. Deeper incision of river networks into the thicker sequence of unconsolidated fill in the central western foreland may then focus erosion within the proto-PTE, initiating the onset of a subcritical state. The onset of focused erosion related to the PTE is unknown. However, estimates based on the thickness of Toukoshan strata, restoration of slip along the Chelungpu and Shuangtung thrusts and an assumption of ∼45 mm/yr of shortening across the entire foothills belt suggest the PTE may have been initiated between ∼700 and 500 Ka. This suggests that a subcritical state may exist within the western Taiwanese thrust belt for a significant fraction of its total development. Figure 7 . Schematic block diagrams of land surface evolution, controlled by distribution of thicknesses of easily eroded synorogenic sediments. Early stage: foreland template is set by varying subsidence along strike, with thicker sequence of easily erodible sediment in central region. Intermediate stage: material is accreted into wedge initiating rock uplift. As rocks are brought above local base level, different rheologies respond to river incision at different rates and drainages are reorganized. Proto-Puli: all synorogenic sediment is flushed from uplifted region into the foreland basin. Beginning at the intermediate stage, focused erosion should start to affect topographic growth and strain organization (see Figure 6 and section 6). Dashed line represents local base level, and textured blue lines represent rivers.
